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Abstract: Seedling establishment following germination requires the fine tuning of plant hormone
levels including that of auxin. Directional movement of auxin has a central role in the associated
processes, among others, in hypocotyl hook development. Regulated auxin transport is ensured by
several transporters (PINs, AUX1, ABCB) and their tight cooperation. Here we describe the regulatory
role of the Arabidopsis thaliana CRK5 protein kinase during hypocotyl hook formation/opening
influencing auxin transport and the auxin-ethylene-GA hormonal crosstalk. It was found that the
Atcrk5-1 mutant exhibits an impaired hypocotyl hook establishment phenotype resulting only in
limited bending in the dark. The Atcrk5-1 mutant proved to be deficient in the maintenance of
local auxin accumulation at the concave side of the hypocotyl hook as demonstrated by decreased
fluorescence of the auxin sensor DR5::GFP. Abundance of the polar auxin transport (PAT) proteins
PIN3, PIN7, and AUX1 were also decreased in the Atcrk5-1 hypocotyl hook. The AtCRK5 protein
kinase was reported to regulate PIN2 protein activity by phosphorylation during the root gravitropic
response. Here it is shown that AtCRK5 can also phosphorylate in vitro the hydrophilic loops of PIN3.
We propose that AtCRK5 may regulate hypocotyl hook formation in Arabidopsis thaliana through
the phosphorylation of polar auxin transport (PAT) proteins, the fine tuning of auxin transport, and
consequently the coordination of auxin-ethylene-GA levels.
Keywords: Ca2+/calmodulin-dependent kinase-related kinases (CRKs), polar auxin transport (PAT)
proteins; auxin gradient; ethylene; GA3; skotomorphogenesis; Arabidopsis thaliana
1. Introduction
Seedlings of dicotyledonous plants develop an apical hook in the dark following germination
in order to avoid the mechanical damage of the apical meristem when emerging from under the
soil [1–4]. Apical hook formation is generated by differential cell elongation at two sides of the
hypocotyl apex [3,5–7]. The apical hook development consists of three successive phases, the formation,
maintenance and opening phases. The typical kinetics of these apical hook formation phases has
been determined in Arabidopsis as 0–54 h, 54–90 h and 90–120 h after germination, respectively [5–7].
The formation of the apical hook is basically regulated by the phytohormone auxin [2–4,8–13] which
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gradually accumulates at the concave side of the hook during hook development and inhibits cell
elongation [5,6]. The auxin concentration remains constant upon the maintenance phase resulting in
closed hook [5,6]. When this asymmetrical auxin gradient gradually disappears, then the hook enters
into the opening phase which is naturally triggered by light [10,11].
In Arabidopsis, auxin is transported by the PIN-FORMED (PIN) eﬄux transporters, the AUX1/
LIKE-AUX1 (AUX/LAX) auxin influx protein family and the ABCB transporter superfamily members
(PGP proteins) [14–19]. The directional movement of auxin is ensured by the polar subcellular
localization of these transporters [20]. Amongst the eight Arabidopsis PIN proteins, PIN3, PIN4
and PIN7 are expressed during hypocotyl hook formation [5,6]. The asymmetric accumulation of
auxin is regulated by two hormonal pathways influencing also each other, the gibberellin-dependent
DELLA-PIF (PHYTOCHROME INTERACTING FACTORs) and the ethylene-controlled EIN3/EIL1
(ETHYLENE-INSENSITIVE 3/EIN3 like 1)–HLS1 (HOOKLESS 1) pathways [11]. The complex interplay
amongst the elements of this hormonal network is fundamental to control the establishment of the
normal hypocotyl hook during skotomorphogenesis [10,11,21].
Elevated ethylene content or ethylene mutants with upregulated signaling (eto1 or ctr1) result
in exaggerated apical hook of etiolated Arabidopsis seedlings [22,23]. In agreement, the ethylene
insensitive mutants etr1 and etr2 are hookless [8,22]. Ethylene is able to regulate auxin function
in many ways in order to promote hook development [10,11]. Ethylene promotes the expression
of the TRYPTOPHAN AMINOTRANSFERASE2 (TAR2) gene resulting in increased auxin level in
the apical hook [5]. Ethylene promotes the expression of HOOKLESS1 (HLS1) encoding a putative
N-acetyltransferase [24] inhibiting the expression of AUXIN RESPONSE FACTOR2 (ARF2), a repressor
of auxin signaling [9,11]. Ethylene modulates the turnover of AUX1 in the inner side of the hook [5] and
also affects the expression of several PIN genes and the localization of PIN3 [6]. Ultimately, ethylene
positively influences auxin responses in the hypocotyl hook.
Gibberellins have also prominent role in hypocotyl hook development by fine tuning the regulation
of auxin-ethylene levels [10,11]. DELLA proteins are negative regulators in the GA signaling pathway
in Arabidopsis [10,25,26] and quintuple mutant seedlings knocked out for five DELLA protein genes
exhibit an exaggerated hook, whereas seedlings with overexpressed DELLA proteins enter immediately
into the opening phase of hook development [21,26]. GAs are required for the expression of PIN3
and PIN7 auxin eﬄux carriers which are downstream of GA since the pin3 pin7 mutant does not
show exaggerated curvature following exogenous GA application [7]. The molecular mechanism by
which GAs control the expression of the above auxin transporters is not known. Furthermore, GAs
regulate the expression of the AGC-type kinase WAG2 controlling the localization of PINs likely via
their phosphorylation [27]. WAG2 is preferentially expressed at the inner side of the hook contributing
to asymmetric auxin action and thus preventing hook opening. It is also known that auxin has a
promoting effect on the expression of gibberellin biosynthesis and transport genes resulting in a positive
feedback loop during hook development [28–31]. Altogether, GAs and ethylene cooperatively prevent
apical hook opening acting on auxin synthesis, transport [7].
The Calcium-Dependent Protein Kinases (CDPKs) are among the main regulators in Ca2+
signaling [32–36]. The Ca2+/Calmodulin-Dependent Protein Kinase-Related Kinases (CRKs) are Ser/Thr
protein kinases, which have diverse regulatory functions in plant growth and development, abiotic and
biotic stress responses and in phytohormone regulation [37,38]. A unique feature of the CDPKs/CRKs
superfamily is their N-terminal myristoylation site, suggesting that these proteins are localized at the
plasma membrane or other endomembranes of other organelles like endoplasmic reticulum, tonoplast,
mitochondria, chloroplasts, oil bodies, peroxisomes and Golgi network [39–41]. Functionality of
most plant CDPKs are well characterized, however, only a few CRKs have been characterized by
their biological activities in angiosperms [37,38,42]. The Arabidopsis CRK subfamily consists of eight
members [32–36]. Interestingly, some of the AtCRKs, in addition to their Ser/Thr phosphorylation
capability, were claimed to have Tyr kinase activity as well [43]. The AtCRK5 protein kinase was
previously characterized in our laboratory. Intracellular localization pattern of AtCRK5-GFP fusion
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protein in roots displayed distribution of this protein at the plasma membrane [42]. This localization
pattern is indicative for that proteins which are involved in nutrient uptake, as it was observed e.g., for
boron transporters in Arabidopsis [44]. The confirmation of regulatory role of AtCRK5 protein kinase
in microelement uptake as well as in water transport regulation requires further studies. The first
biological function discovered for AtCRK5 was that this protein kinase had a direct role in the regulation
of root gravitropic response [42]. Impaired gravitropic response was a consequence of altered auxin
distribution in the Atcrk5-1 mutant root tips as compared to the wild type. Immunolocalization
pattern of the auxin eﬄux protein PIN2—which is a key member of basipetal auxin transport in
Arabidopsis roots—exhibited a considerable alteration in the Atcrk5-1 mutant in comparison to the wild
type [37,42]. The AtCRK5 protein kinase phosphorylates the PIN2 auxin eﬄux protein in vitro [42].
Phosphorylation of PIN2 in Atcrk5-1 mutant roots is impaired, which hinders and ultimately delays
the establishment of the asymmetrical auxin gradient basically required for normal root bending upon
gravistimulation [42]. After highlighting the regulatory role of AtCRK5 in root gravitropism, we also
observed that germinating in the dark, the Atcrk5-1 mutant seedlings had a decreased apical hook angle
through all hook developmental phases in comparison to the apical hooks of the wild type. Similar
impaired apical hook development phenotype was described for the Atwag2 mutant [27]. However,
how the auxin maxima at the hypocotyl hook are influenced by coordinated actions of the various
auxin transporters and other regulatory factors (e.g., protein kinases) is still poorly understood. Based
on the above observations, the potential regulatory role of the AtCRK5 kinase in the formation and
maintenance of the differential auxin gradient in the apical hook of the hypocotyl had been investigated
during skotomorphogenesis.
Here we further demonstrate the importance of the AtCRK5 protein kinase in Arabidopsis
growth and development. It seems that this protein kinase - additionally to its role in regulating
root gravitropic response – also participates in the regulation of hypocotyl hook development during
skotomorphogenesis. As a potential mechanism, the AtCRK5-mediated phosphorylation of the PIN3
auxin eﬄux transporter influencing auxin accumulation and the effect of limited auxin accumulation
on ethylene and/or GAs action is discussed.
2. Results
2.1. Hypocotyl Hook Bending Angle Differences between Col-0 and Atcrk5-1
Our initial observation was that 3-days-old Atcrk5-1 seedlings had an altered phenotype as
compared to the wild type ones (Col-0): the Atcrk5-1 mutant exhibited a decreased capacity in the
closure of the apical hook during skotomorphogenesis. Germinating the wild type seeds in the dark,
normal hypocotyl hook formation was obtained with an angle of approximately 180◦ at 3 days, but the
Atcrk5-1 mutant seedling hook angles were smaller (145◦–160◦) under the same conditions (Figure 1A).
Considering the role of ethylene in the inhibition of hook opening, we checked the influence of the
ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) [45] upon hypocotyl development
of the mutant in the dark. Following 10 µM ACC treatments, the wild type Col-0 seedlings showed the
typical exaggerated hook phenotype (225◦–240◦), while the Atcrk5-1 seedlings exhibited apical hook
angles of 180◦–200◦ (Figure 1B).
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hooks and restored that of the Atcrk5-1 mutant to app. 180°. The angle of hook curvature was 
determined by measuring the outer angle between the main axis of hypocotyl and curvature of 
cotyledons (see illustration). (B) Kinetics of apical hook development in Col-0 and Atcrk5-1 
dark-grown seedlings in the absence and presence of ACC. Averages with standard errors are shown 
(n = 35). Differences between the wild type and the mutant were statistically significant between the 
two indicated (*) time points (Student’s t-test:  P < 0.01). Col-0 = At wild type Columbia-0 seedlings, 
Atcrk5-1 = mutant seedlings. Two independent experiments were carried out with the same results. 
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delayed in the mutant in comparison of the control in the presence of ACC but not under normal 
conditions (Figure 1B). 
From these data, one can conclude that the Atcrk5-1 mutant has a very early apical hook 
formation phenotype indicating that AtCRK5 can contribute in some ways to the establishment of 
the required auxin gradient in Arabidopsis. Later phases seem to be unaffected by the mutation 
under normal conditions as indicated by the parallel kinetics of hook development in wild-type and 
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Figure 1. ypocotyl hook phenotypes and kinetics of apical hook development of wild type (Col-0) and
mutant (Atcrk5-1) seedlings during dark germination. (A) Hypocotyl hook phenotypes of 3-days-old
dark-grown seedlings of the wild type (Col-0) and mutant (Atcrk5-1) in the absence and presence of
10 µM ACC. The wild-type seedlings had 180◦ hypocotyl hook bending, while the mutant seedlings
displayed less hook bending capacity under normal conditions at 3 days after germination (during the
hook maintenance phase). 10 µM ACC increased the bending of wild-type hooks and restored that of
the Atcrk5-1 mutant to app. 180◦. The angle of hook curvature was determined by measuring the outer
angle between the main axis of hypocotyl and curvature of cotyledons (see illustration). (B) Kinetics
of apical hook development in Col-0 and Atcrk5-1 dark-grown seedlings in the absence and presence
of ACC. Averages with standard errors are shown (n = 35). Differences between the wild type and
the mutant were statistically significant between the two indicated (*) time points (Student’s t-test: P
< 0.01). Col-0 = At wild type Columbia-0 seedlings, Atcrk5-1 = mutant seedlings. Two independent
experiments were carried out with the same results.
Since during seedling development in dark the ethylene sensitivity is restricted to the 2-3th
days after germination [5,8,10] we compared the kinetics of the apical hook development in the
Arabidopsis thaliana wild type Col-0 and Atcrk5-1 mutant seedlings under normal (without ACC) and
ethylene precursor ACC-treated conditions (Figure 1B).
Kinetics of the apical hook development was followed for 90 h in the dark. The three developmental
(formation, maintenance and opening) stages of hook development were confirmed [8]. For the wild
type Arabidopsis Col-0, similar hook kinetic results were obtained under normal condition and ACC
treatment, respectively, as it was previously described [5–7]. In comparison to the wild type, the Atcrk5-1
mutant showed decreased apical hook angle under normal conditions through the investigated period
of hook development (see also Figure 2A). However, the kinetics of hook development (timing of
the phases) was not affected by the mutation. The ethylene precursor ACC treatment delayed the
transition between the formation and maintenance phases in the wild type as well as the Atcrk5-1
seedlings leading to hooks with exaggerated curvatures; up to 240◦ in the wild type and 200◦ in the
mutant background. Interestingly, opening of the hook was considerably delayed in the mutant in
comparison of the control in the presence of ACC but not under normal conditions (Figure 1B).
From these data, one can conclude that the Atcrk5-1 mutant has a very early apical hook
formation phenotype indicating that AtCRK5 can contribute in some ways to the establishment of
the required auxin gradient in Arabidopsis. Later phases seem to be unaffected by the mutation
under normal conditions as indicated by the parallel kinetics of hook development in wild-type and
mutant backgrounds. The kinase mutant responded to exogenous ACC by hypocotyl bending, while
in the absence of the kinase, ACC application not only delayed but prevented the transition from
the maintenance to the opening phase (Figure 1B). These observations indicate that the kinase is not
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required for the curvature-inducing but prevents the opening-inhibitory effect of ethylene during
hook development.
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Figure 2. Kinetics of exogenous GA3-regulated apical hook development and measurement of the
total GA content. (A) Kinetics of hypocotyl hook development in wild type Arabidopsis (Col-0)
and in mutant Atcrk5-1 seedlings germinated in dark in the absence and presence of 1 µM GA3.
The experiments were carried out twice with the same results. The averages and standard error (SE)
are shown of two biological replicates using minimum 35 seedlings per genotype per experiment.
The mutant values are significantly different at all the time period tested in comparison with the wild
type (Student’s t-test: P < 0.01). (B) Determination of total gibberellic acid concentrations in seeds
and dark-grown seedlings of the wild type (Col-0) and the mutant (Atcrk5-1). Total GA content was
measured in dried seeds (0 h), and in seedlings at hook formation (48 h) and at the beginning of the
hook maintenance phase (60 h). Two biological repeats were evaluated.
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2.2. Kinetics of GA3-Regulated Apical Hook Development
During the formation and maintenance phases, another hormone, gibberellin (GA3) also performs
a major role in hypocotyl hook development of dicots (7, 10). According to [7], the GA pathway is
required to reach the threshold level of ethylene that is capable to postpone hook opening in wild
type seedlings. Therefore, we performed time lapse experiments to investigate the effect of GA3 on
hypocotyl hook formation in the dark. Figure 2A shows the kinetics of hypocotyl hook development
in dark-germinated wild-type Col-0 and mutant Atcrk5-1 seedlings in the absence and presence of
1 µM GA3, respectively.
Exogenous GA3 did not affect the angle of the hooks of wild-type seedlings in the maintenance
phase. The Atcrk5-1 mutant, however, responded to exogenous GA3 with increased hypocotyl bending
during the maintenance phase followed by slightly faster opening than in the wild type (Figure 2A).
Measurement of the total GA content of the seedlings at the hook formation and maintenance
phases displayed considerable differences between wild type Col-0 and Atcrk5-1 genotypes. While in
dried seeds the total GA concentration was nearly similar in both cases, at the beginning of germination
(48h and 60h after germination of seeds) we found two-fold less total GA concentrations in the Atcrk5-1
mutant than in the wild type seedlings (Figure 2B).
It is known that there is a positive feedback loop between auxin and gibberellin because auxin has
a promoting effect on expression of gibberellin biosynthesis genes [28–31]. Therefore decreased auxin
level may negatively influence the GA biosynthesis resulting in lower GA content as it was found
in the case of the dark germinating Atcrk5-1 seedlings. However, exogenous GA3 could restore the
Atcrk5-1 mutant hypocotyl hook bending phenotype to the wild type level at the maintenance phase of
germination indicating a cooperative action of these two hormones on hypocotyl hook development.
2.3. AtCRK5 is a Regulator of the Auxin Maxima in the Apical Hook
Previous mutant studies of the auxin eﬄux facilitators PIN1, PIN3, PIN4 and PIN7 indicated that
these proteins are the main players during the formation of the apical hook [6,19,27]. Amongst these,
the Atpin3 mutant has the most prominent apical hook phenotype indicating that PIN3 is the most
important auxin carrier in this process. PIN3 acting mainly at the outer side of the hook, distributes
auxin from the vascular tissue into the cortex and epidermis as well as through these tissues down the
hypocotyl [6]. However, other auxin influx carriers like AUX1/LAX3 are also necessary to direct the
auxin flow during hypocotyl hook development [5,10]. The AtCRK5 protein kinase was previously
described as a regulator of PIN2 function during root gravitropic responses [37,42]. In order to test
that there is a link between AtCRK5 function and auxin transport regulation also during the formation
of hypocotyl hook, we studied the distribution patterns of the auxin response marker DR5::GFP and
the GFP tagged auxin transporters PIN3, PIN7 and AUX1-YFP proteins in 3-days-old dark-grown wild
type and mutant seedlings without and with ACC/GA3 treatments.
2.3.1. Distribution of the Auxin in Hypocotyl Hooks monitored by DR5::GFP Fluorescence
First, we examined the auxin distribution in the apical hook region of the wild type Col-0 and
mutant Atcrk5-1 seedlings using the auxin response reporter construct DR5::GFP (green fluorescence
protein) [46]. Expression studies of the DR5::GFP revealed that the dark-grown wild-type Arabidopsis
seedlings have strong DR5::GFP signal in the concave part of the hypocotyl hook (Figure 3A) contrary
to the Atcrk5-1 seedlings which have very faint DR5::GFP signal in that region (Figure 3C) indicating
inadequate establishment of the auxin gradient. GFP signal intensities are represented via heat maps
for the wild type (Figure 3B) and for the mutant (Figure 3D). Quantification of the fluorescence signals
is in Figure 3M. Addition of 10 µM ACC elevated and expanded the GFP signal intensity in both cases
(Figure 3E for wild type and Figure 3G for mutant seedlings), especially in the Atcrk5-1 hook which is
well supported by heat map images (Figure 3F for the wild type and Figure 3H for the mutant) and
the quantitative data (Figure 3M). This suggests that exogenous ethylene reinforced the asymmetrical
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auxin gradient as described in [47]. Treatment with 1µM GA3 rather broadened the area than enhanced
the intensity of the GFP signal both in the wild type (Figure 3I) and the mutant Atcrk5-1 (Figure 3K)
which is also well demonstrated by heat maps (Figure 3J for the wild type and Figure 3L for the
Atcrk5-1 mutant) and quantification of the fluorescence intensities (Figure 3M).
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Figure 3. AtCRK5 regulates the hypocotyl hook auxin maximum. Distribution of the DR5::GFP signal
in 3- days-old dark-grown Col-0 wild-type and mutant Atcrk5-1 seedlings treated with 10 µM ACC or 1
µM GA3. DR5::GFP signal is located at the concave side of the hypocotyl hook in the wild type (A,B)
and it is much stronger than in the Atcrk5-1 seedling (C,D). Exogenous ACC enhances the DR5::GFP
signal in the apical hook in the wild type (E,F) as well as in the mutant hooks (G,H). Red arrows point
the GFP signals in the hook region. 1µM GA3 treatment broadened the DR5::GFP signal at the apical
hook of the wild type (I,J) and mutant (K,L). Figure 3B–D, F–H and J–L indicate the corresponding
GFP signal intensity heat maps for the wild type and mutant, respectively. (M) Relative intensity of the
DR5::GFP signals at the concave side of the hypocotyl hooks. 10 seedlings from wild type and mutant
categories were investigated in each version. Asterisks indicate significant differences, compared with
the corresponding Col-0 mock control and treatments (Student’s t-test, ** P < 0.001, *** P < 0.0001).
All experiments were repeated for two times. Scale bars = 200 µm.
2.3.2. Distribution of PIN3-GFP, PIN7-GFP and AUX1-YFP in Hypocotyl Hooks
It has been described that ethylene is able to modulate the auxin transport in the hypocotyl hook
enforcing the preferential localization of PAT proteins, especially the PIN3 location to the lateral side
of cortex cells mainly at the outer side of the hook [6,13]. We tested the requirement of AtCRK5 for
proper PAT proteins PIN3, PIN7 and AUX1 localization during hypocotyl hook formation in the dark.
Distribution of the PIN3-GFP (PIN3:PI 3-GFP) [6] revealed that PIN3 proteins are located in the
central cylinder of the hypocotyl hook of the wild type seedlings (Figure 4A,B) and it is less intense
in the Atcrk5-1 mutant (Figure 4C,D) seedlings, and the GFP signal was less intense in the mutant
compare to Col-0 (Figure 4M). PIN7-GFP (PIN7:PIN7-GFP) [48] signal is located at the hypocotyl in
the wild type Arabidopsis [15,17]. We found that the PIN7-GFP signal is less intense in the Atcrk5-1
mutant (Figure 5C,D) as compared to that in the wild type Col-0 (Fig re 5A,B). We also examined the
auxin influx AUX1-YFP (AUX1::YFP) [49] distribution pattern in the apical hook of the Atcrk5-1 mutant
during dark germination. AUX1-YFP is localized mainly in epidermal cells of the hook at both sides
and participates in the auxin flow from cotyledons towards the lower part of hypocotyl [5,10,12]. We
observed that there is a significant YFP signal intensity decrease in the mutant apical hook (Figure 6C,D)
when com ared to those of the wild type (Figure 6A,B). Alterations in signal i tensity are also shown
by heat maps.
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Exogenous ACC enhanced and broadened the PIN3-GFP signal in the wild type (Figure 4E,F)
and in the mutant (Figure 4G,H) hooks. ACC-induced broadening of the PIN7-GFP signal was also
observed in the apical hook of both genotypes (Figure 5E,F and Figure 5G,H). External ACC again
rather extended the area then intensified the AUX1-YFP signal in wild type (Figure 6E,F) and in the
mutant (Figure 6G,H) apical hooks. Signal intensity changes are represented by heat maps.
Upon 1µM GA3 treatment, the PIN3-GFP signal became extended both in the wild type (Figure 4I,J)
and the mutant (Figure 4K,L) hypocotyl hooks. External GA3 strongly elevated the PIN7-GFP signal
intensity which became more dispersed in both phenotypes (Figure 5I,J for wild type and Figure 5K,L
for the mutant). In case of AUX1-YFP, the GA3 treatment seemed to have a stronger effect on Atcrk5-1
mutant hooks (Figure 6K,L) than on those of the wild type (Figure 6I,J).
The relative signal intensities are quantified in Figure 4M (PIN3-GFP), in Figure 5M (PIN7-GFP)
and in Figure 6M (AUX1-YFP). Signal intensities on heat map images and relative GFP/YFP signal
intensities are in good accordance.
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In conclusion, the above results corroborate that the AtCRK5 protein kinase has an important
role regulating PAT protein abundance and consequently auxin distribution upon hypocotyl hook
formation and may directly or indirectly influence ethylene and GA3 level/sensitivity in the hook. In
order to have more insights into the underlying mechanisms, gene expression and in vitro protein
phosphorylation experiments were carried out.
2.4. Gene Expression Studies by qRT-PCR
2.4.1. Expression of the Auxin Biosynthesis and Catabolism Genes without/with ACC Treatment
It is known that auxin is crucial to plant apical hook development and the PAT proteins determine
the direction of the auxin flow [50]. The activity of the auxin transporter PATs is regulated at multiply
levels, e.g., by transcriptionally or posttranslationally [51]. Hence, we wanted to investigate whether
the less intense bending of the hypocotyl hook in Atcrk5-1 mutant is the consequences of alterations
in auxin biosynthesis/degradation or ethylene biosynthesis/signaling gene expressions or not. First
we studied the transcript levels of a few selected genes encoding auxin biosynthesis proteins like
TRP2 (At5g54810), TRP3 (At3g54640), TAA1 (At1g70560), AMI1, (At1g08980), YUCCA3 (At1g04610),
NIT3 (At3g44320), CYP83B (At4g31500), and the catabolism gene GH3.2 (At4g27260) pathway under
control and treated (10 µM ACC) conditions. The results are presented in Figure S1. The auxin
biosynthesis genes TRP2, TRP3, TAA1, AMI1, YUCCA3, NIT3 and CYP83B showed different levels
of basal expression in the two Arabidopsis backgrounds. The expression level of TRP2, TRP3 and
YUCCA3 genes were slightly higher in the Atcrk5-1 mutant compared to the wild type Col-0, while
in the case of the other genes did not differ. Upon ACC treatment, the expression level of auxin
biosynthesis genes did not alter significantly, so the exogenous ethylene did not influence the expression
of the auxin biosynthesis genes. The expression of CYP83B gene was relatively high in both genotypes
at mock and ACC treatment as well. The expression level of the GH3.2 gene was very low and the ACC
treatment did not change this. We may conclude that the expression level of the auxin metabolism
genes was not affected by the absence of the AtCRK5 kinase even after ethylene application.
2.4.2. Expression of the Ethylene Biosynthesis and Signaling Genes without/with ACC Treatment
Besides the auxin metabolism genes, we studied the expression level of the ethylene biosynthesis
ACS5 (At5g65800), ACS7 (At4g26200), ACS8 (At4g37770) and ethylene signaling EIN3 (At3g20770) and
HLS1 (At4g37580) genes in treated and control conditions (Figure S2). The ethylene biosynthesis genes
displayed various but low expression levels under control conditions in both Arabidopsis backgrounds.
This did not change upon ACC treatment. The expression level of the two ethylene signaling genes
(EIN3 and HLS1) elevated in the wild type after the ACC treatment but this increase was not significant,
similarly as in the mutant background.
2.4.3. Expression of the PAT Genes without/with ACC Treatment
The polar auxin transport (AUX1, LAX3, PIN1, PIN3 and PIN4) gene expression was also analysed.
The expression level of the LAX3 and PIN3 genes were elevated in the Atcrk5-1 mutant compared
to the Col-0, while the ACC treatment reduced their expression to the level of the Col-0 in control
conditions (Figure S3). Interestingly, the expression level of the auxin influx transporter AUX1 was
slightly higher in the mutant, but decreased as a result of the ACC treatment. The expression level of
the PIN1 and PIN4 remained very low upon mock and ACC treatments as well.
As a conclusion, we may say that the expression level of the auxin influx LAX3 and auxin eﬄux
PIN3 genes increased and this elevation rate was down regulated by ACC treatment in the Atcrk5-1
mutant to the expression level of the untreated wild type gene. We also claim that the less intense
bending of the hypocotyl hook in Atcrk5-1 mutant is not the consequences of the alterations in auxin
biosynthesis/degradation or ethylene biosynthesis/signaling gene expressions. Probably, the altered
hypocotyl hook bending phenotype of Atcrk5-1 mutant is rather the consequence of posttranslational
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modifications (e.g., by phosphorylation/dephosphorylation events) of the auxin transporter proteins,
especially of the PIN3 protein. These modifications may strongly influence the localization capability
of these proteins, consequently the efficiency of the auxin flow [47,52–54].
2.5. AtCRK5 Can Phosphorylate the Auxin Eﬄux PIN3 Protein in vitro
It has already been reported that AtCRK5 phosphorylates PIN2, the main auxin eﬄux transporter
which controls the gravitropic response of the Arabidopsis roots upon gravistimulation [42].
We, therefore, questioned whether AtCRK5 can phosphorylate other PINs. PIN3 is supposed to
be the main auxin transporter during hypocotyl hook formation [10,11]. We used recombinant PIN3
fragments corresponding its full hydrophilic loop and we could demonstrate that the recombinant
AtCRK5 can phosphorylate it in vitro. Therefore, AtCRK5, in addition to PIN2, can regulate the PIN3
auxin eﬄux transporter protein (Figure 7).
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3. Discussion
3.1. AtCRK5 Might be a General Regulator of PIN Proteins, Auxin Distribution, and Differential
Organ Growth
The sensitive shoot apical meristem of dicot plant seedlings is protected by the hypocotyl hook
during their growth through the soil after germination. Shortly after the seedling erupts from the soil,
the hook quickly straightens out in response to light [6,8,12]. Asymmetrical auxin accumulation at the
opposite sides of the appropriate hypocotyl region is fundamental for hook formation. During the
formation and maintenance phases of apical hook development, auxin distrubition was investigated
by the auxin reporter DR5::GFP, which was found to be expressed at the inner side of the hook
(Figure 3A,B) [6,7]. We observed that the DR5::GFP signal was less intense in the Atcrk5-1 mutant than
in the wild type at the inner side of the bending hypocotyl (Figure 3C-D). Accordingly, the tCRK5
protein kinase might be required for the initial establishment of the asymmetrical auxin gradient
in the hypocotyl. We have already described that the Atcrk5-1 mutation retards asy metric auxin
redistribution in gravistimulated roots resulting in delayed graviresponse [42]. Therefore, AtCRK5
might be considered as a general regulator of auxin distribution during organ bending due to differential
growth as demonstrated in the root [42] and the hypocotyl (this study).
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The formation of the auxin gradient at the hypocotyl hook depends on the proper level, localization
and cooperation of several auxin transporters. The main auxin transporters of the apical hook are the
PIN (PIN-FORMED) auxin eﬄux carriers, namely, PIN1, PIN3, PIN4 and PIN7 [6,19], the AUX/LAX
(AUXIN1/LIKE-AUX1) auxin influx carriers and the ATP-binding cassette B (ABCB) transporters [19,55].
They transport auxin from the cotyledons towards the basal side of the hypocotyl in different tissue
layers during apical hook development [5,6]. PIN3 has a prominent role in hook formation and
maintenance [6]. It is mainly produced at the stele and the outer side of the apical hook and transports
auxin from the endodermis towards the cortex and epidermis [10,11]. The subsequent action of
AUX/LAX transporters in the outer tissues results in a higher auxin drainage from the outer than
the inner side of the hook establishing the auxin gradient. During the opening phase of hypocotyl
emergence, this auxin asymmetry is lost due to the reduced expression of the AUX/ABCB transporters
at the inner side of the hook limiting auxin accumulation in that region [11].
We found that the PIN3-GFP signal was much less intense in the Atcrk5-1 mutant than in the wild
type hypocotyl stele at the maintenance phase (Figure 4A–D). This indicates that the transportation
of auxin by PIN3 might also be limited in the Atcrk5-1 mutant at this phase of hook development.
Additionally, signals of other auxin transport proteins, PIN7-GFP (auxin eﬄux) and AUX1::GFP
(auxin influx), were also less intense in the Atcrk5-1 mutant signifying overall disturbance of auxin
transport in the mutant. Decreased abundance of the transporters might be ascribed either to their
decreased expression and/or stability. Considering that the gene expression of neither PIN3, PIN4, nor
LAX3 was found to be significantly decreased in the mutant hypocotyl hook (Figure S3), the latter is
more likely.
Having only a low level of PIN3, the formation of the asymmetric auxin gradient fails and
the Atcrk5-1 mutant apical hooks are not properly closed. Here we demonstrated that PIN3 can be
phosphorylated by AtCRK5 in vitro (Figure 7) (see also [56]). Reduced phosphorylation of PIN3 might
be responsible for its decreased stability in the mutant background. It was previously reported that
AtCRK5 can also phosphorylate the hydrophilic loop of the PIN2 auxin eﬄux protein in vitro and the
delayed gravitropic response of the Atcrk5-1 mutant may reflect the defective phosphorylation of PIN2
in vivo [42]. The phosphorylation of PIN proteins is a basic requirement for their stability [52–54].
Subcellular PIN polarity determines directional auxin flow and therefore influences differential growth
and organogenesis [17,19,20,57–59]. The molecular and biological function of PIN3 also requires
phosphorylation [60]. The AGC kinases PID, WAG1, WAG2 and D6PK were reported to phosphorylate
specific residues in the hydrophilic loops of several PINs [27,60,61]. Among them, the WAG2 protein
kinase has been proposed to participate in the establishment of the asymmetrical auxin accumulation
at the inner side of the hypocotyl hook where it is specifically expressed [27]. In contrast to the
specific expression and localization of WAG2, AtCRK5 has been shown to be expressed in every
organ of Arabidopsis [37,42]. Moreover, in the Atcrk5-1 mutant, not the subcellular polarity but
rather the abundance of auxin transporters, including PIN3, was affected. One may suppose that
WAG2 and AtCRK5 may coordinately control the stability and subcellular localization of PIN proteins.
Moreover, since we also found a delay in the gravitropic response of hypocotyls not only in the Atcrk5-1
dark-grown seedlings but in the mutants of all AtCRK family members [37], we suggest that other
members of this protein kinase family might also be involved in the formation of the hypocotyl hook.
Presumably, the mutation of AtCRK5 has only a limited effect on PIN abundance and hypocotyl
bending due to the presence of the other PIN-phosphorylating kinases having somewhat overlapping
functions with AtCRK5.
3.2. The AtCRK5 Kinase Influences the Hormonal Crosstalk Regulating Hypocotyl Hook Development
The plant hormone ethylene is known to control apical hook development by upregulating the
expression of the auxin biosynthesis gene TAR2 and fine tuning asymmetric auxin distribution among
others via the HOOKLESS1 (HLS1) N-acetyltransferase [2,5,10,11,13]. Exaggerated hook bending is
observed upon exogenous ethylene application [22,23], while deficiencies in ethylene signaling prevent
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hook formation [5,6]. We found that upon treatment by the ethylene precursor ACC, the transition
between the formation and maintenance phases was delayed (Figure 1B). This resulted in exaggerated
hook bending with up to 240◦ hook angle for wild type and up to 200◦ for the mutant (Figure 1A). Both
wild type and mutant hooks treated with the ethylene precursor ACC had stronger DR5::GFP signals
at the inner region of the hooks unlike the untreated samples indicating the positive effect of ethylene
on the auxin gradient in both cases (Figure 3E-H). Similarity of the ethylene response of the Atcrk5-1
mutant to the wild type was supported by similar ethylene-responsive expression of the auxin-related
TAA1 (close homologue of TAR2) and HLS1 genes in both genotypes (Figure S1 and Figure 2). Our
investigation of the PIN3 and AUX1 polar auxin transporter distributions at the hypocotyl hooks
revealed that the PIN3, PIN7 and AUX1 levels - based on GFP signal intensity - were elevated upon
exogenous ethylene treatment (Figure 4E–H; Figure 5E–H; Figure 6E-H). This is in good accordance
with the results of [13], namely that exogenous ethylene is able to broaden the auxin gradient at
the hypocotyl hook. Our data also indicate that both the wild type and Atcrk5-1 mutant seedlings
responded to exogenous ethylene by increased auxin transporter protein stability resulting in enhanced
auxin accumulation at the inner side of the hook. Evidently, exogenous ethylene compensated for the
restricted hook formation of the Atcrk5-1 mutant (Figure 1A), however there was no difference between
the mutant and the wild type considering the expression of ethylene synthesis/signaling genes at the
maintenance phase suggesting that the ethylene synthesis rate is also similar in the two genotypes at
this stage (Figure S2).
We could determine however, a significantly lower level of gibberellin in the hypocotyl of the
Atcrk5-1 mutant at the time of hook maintenance (Figure 2B). Although it indicates that the AtCRK5
kinase may directly regulate gibberellin synthesis, we suppose that the reduced gibberellin level is an
indirect effect of the diminished auxin accumulation in the hypocotyl. Auxin was shown to form a
positive feed-back loop with gibberellin during hypocotyl development enhancing the expression of
gibberellin biosynthesis genes [30,31].
Gibberellins are fundamental plant hormones for many developmental processes and can modulate
both auxin and ethylene concentrations during apical hook development [10,11,21,62,63]. GAs –
together with ethylene - are essential to maintain the apical hook in the closed form during seedling
emergence from the soil [10,11]. Seedlings treated by GA biosynthesis inhibitors have decreased
expression of DR5::GFP at the inner side of the apical hook [7], similarly to the DR5::GFP pattern found
in the apical hook of Atcrk5-1 during skotomorphogenesis (Figure 3I-J). Additionally, active GAs is
necessary to maintain the expression of PIN3 and PIN7 in the apical hook and the pin3pin7 knockout
mutant is resistant to exogenous GA treatment [7]. The Arabidopsis gibberellin biosynthesis mutant
ga1 which is impaired in an early step of GA biosynthesis is also impaired in auxin transport [64,65].
The diminished auxin transport did correlate with the reduction of the abundance of PIN auxin eﬄux
transporters in ga1 but exogenous GA treatment could restore the PIN protein levels to those of the
wild type [66]. Exogenous GA3 increased and broadened the expressions of the main auxin eﬄux and
influx transporters PIN3, PIN7 and AUX1 in the apical hooks of the wild type as well as the Atcrk5-1
mutant seedlings (Figure 4I–L; Figure 5I–L; Figure 6I–L) and in this latter genotype the hook angle
was restored to the normal level during the maintenance phase (Figure 2A). Interestingly, we found
increased PIN3 and AUX1/LAX3 expression in the Atcrk5-1 hypocotyls in comparison to the wild type
(Figure S3). Since Atcrk5-1 hypocotyls have lower level of GAs (Figure 2B), this observation seems to
disagree with the requirement of gibberellin for PIN3/PIN7 expression. We presume that the absence of
AtCRK5 protein kinase leads to the destabilization of auxin transporters leading to their degradation
in the Atcrk5-1 mutant. The increased transcription of PIN3 and LAX3 might represent a kind of
compensation response, but the still limited auxin transport is insufficient to establish the proper auxin
gradient at the hypocotyl hook. This results in the restricted bending (closure) of the hypocotyl tip.
However, exogenous GA3 can ameliorate the auxin gradient in the mutant either via augmenting
the expression of the auxin transporters or increasing their stability. This view is supported by the
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increased accumulation (fluorescence) of PIN3-GFP, PIN7-GFP and AUX1::GFP upon GA3 treatment
of the hypocotyls (Figure 4C–D,K–L; Figure 5C–D,K–L; Figure 6C–D,K–L).
Here we claim that we extended the known functions of the AtCRK5 protein kinase, because
it regulates the formation of the asymmetrical auxin gradient in the hypocotyl hook during
skotomorphogenesis in Arabidopsis thaliana. Therefore, AtCRK5 can be considered as a regulator of
apical hook establishment. Our hypothetical model for the regulatory role of the AtCRK5 protein
kinase during hypocotyl hook development in relation to auxin-ethylene-GA crosstalk is presented in
Figure 8. According to this model, the AtCRK5 kinase enforces the stabilization of auxin transporters at
the time of hypocotyl hook establishment. This is required for the formation of a steep auxin gradient
and a complete hypocotyl hook closure. Absence of the kinase results in lowered auxin transporter
stability, limited establishment of the auxin gradient, lower level of auxin accumulation at the inner
side of the hook, and limited closure. Due to the feedback regulation between auxin and gibberellins,
the gibberellin level is also lowered in the hook that further contributes to the limited synthesis of auxin
transporters. Nevertheless, due to the regulatory circuit including auxin, ethylene, and GAs, the timing
of the hook developmental phases is maintained in the mutant but at lower levels of endogenous plant
hormones still functioning in a coordinated way.
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during skotomorphogenesis in rabidopsis thaliana. AtCRK5 is proposed to affect the auxin homeostasis
increasing the stability of auxin transporter proteins and thus contributing to auxin transport efficiency
and gradient establishment. The increased auxin level at the inner side of the hook is in a feedback
loop with ethylene and gibberellin synthesis/signaling an their coordinated and balanced function
is required for hypocotyl bending. Absence of the kinase hinders the establishment of the proper
auxin gradient due to lowered auxin transporter stability. The lower level of auxin and/or its altered
distribution feeds back to ethylene and GA signaling/synthesis and a new hormonal balance is
established at a shallow auxin gradient resulting in limited hypocotyl closure but proper timing of
its development.
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4. Materials and Methods
4.1. Plant Material and Growth Conditions
All plants used in this study were in Arabidopsis thaliana (L.) Columbia-0 ecotype (Col-0) background.
The following lines were used in this study: the Atcrk5-1 mutant has been described previously in [37,42],
the auxin inducible DR5::GFP [46], the PIN3:PIN3-GFP [6], PIN7:PIN7-GFP [48] and AUX1::YFP [49]
constructs were also described in [42]. All the PAT proteins were driven by their own genomic
promoters. We introduced the DR5::GFP and PIN7:PIN7-GFP into wild type (Col-0) and mutant
(Atcrk5-1) backgrounds via deep floral transformation [42,67]. PIN3:PIN3-GFP and AUX1::YFP were
introduced into wild type and mutant backgrounds by sexual crossings [42]. For seed germination
and hook kinetic measurements, wild type and mutant seeds were sterilized and kept at 4 ◦C for two
days as indicated in [42]. After it, imbibed seeds were transferred onto plates containing 12 strength
Murashige and Skoog medium (MS) with 0.5% sugar, 0.8% agar, pH: 5.7 (Duchefa Biochemie, Haarlem,
The Netherlands). After seed transfer (AST), the plates were kept in white light for 5 h to stimulate and
synchronize seed germination. Then plates were kept vertically in dark for the process of germination
for 4-7 days at 22 ◦C. The basic media was supplemented with 10 µM 1-aminocyclopropane-1-carboxylic
acid (ACC, Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) or 1 µM gibberellic acid (GA3, Sigma
Chemical Co., St. Louis, MO, USA) where it is indicated. The ACC and GA3 were dissolved in
DMSO:methanol solution (1:1) and stock solutions were prepared at 10 mM (ACC) and 1 mM (GA3)
concentrations for further use.
4.2. Time Lapse Assays
Rates of hypocotyl hook formation were scored after radicle appearance for 4–7 days during
formation (0–54 h after seed transfer [AST]), maintenance (54–94 h AST) and opening (94–170 h
AST) phases of germination. Developing seedlings were photographed in every 6 h using a camera
(Canon PC1438, Canon Inc., Japan) under green safety light (520 nm led light, home prepared lamp,
Freiburg, Germany) to avoid triggering photomorphogenesis. Hook angle between the hypocotyl axis
and cotyledons (hook curvatures) were measured on the photographs by the ImageJ software (NIH,
Bethesda, MD, USA). The angles were defined according to the inset in Figure 1. At least 100 wild-type
and mutant seedlings were finally monitored in three biological repeats. Student’s t-test was used for
statistical analysis for all quantitative measurements.
4.3. Total GA Measurement by Competitive GAs Elisa Assay
For ELISA measurement, we followed the protocol instructions of the kit (ELISA Kit for Gibberellic
Acid (GA), CEA759Ge, Cloud Clone Corp. Wuhan, China). We measured the total GA content in
dried seeds and seedlings. From dried seeds, 100 mg was used from the wild type (Col-0) and the
mutant (Atcrk5-1). The GA content was directly measured in these seeds as the zero-time point. In
addition, wild-type and mutant seeds were germinated on 12 MS media using nylon mesh in the dark
after five-hour light induction. Seedlings germinated in complete dark were collected at 48 h and
60 h after seed transfer under safety green light condition into Eppendorf tubes and the samples were
stored in liquid nitrogen. The seedlings from these experiments were grounded under liquid nitrogen
using a mortar and pestle with small amount of quartz sand plus 10-10 mL of 100% of methanol. In the
case of the dry seeds, we added 1ml of water and 10mL of methanol for the grinded dry seeds samples.
Extracts were put into 15 mL centrifuge tubes and then incubated o/n at 4 ◦C on shaker. Cellular debris
was removed by centrifugation (17000× g, 10 min). The supernatants were divided equally into new
tubes and lyophilized o/n to complete dryness. 200 µL PBS was added to each sample and resuspended
carefully, and then we followed the kit instruction. Two biological repeats were performed for total GA
content evaluation.
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4.4. RNA Isolation and Real Time Quantitative PCR (qRT PCR) for Hypocotyl Gene Expression
Isolation of RNA was performed from 100 mg material collected from 3-days-old wild-type (Col-0)
and mutant (Atcrk5-1) Arabidopsis seedlings without and with 10 µM ACC treatment. The isolation
was performed by TRI reagent (Sigma-Aldrich) [68]. Total RNA was DNase-treated with TURBO
DNA-free™ Kit (Invitrogen by Thermo Fisher Scientific, Vilinus, Lithuania) and cDNA synthesis of
1 µg of total RNA was carried out in a 20 µL reaction volume using RevertAid M-MuLV Reverse
Transcriptase according to the supplier’s recommendation (Applied Biosystems, Thermo Fischer
Scientific, Vilinus, Lithuania) using random hexamers. Quantative Real-time PCR (qRT-PCR) was
carried out using the SYBR Green master mix (Applied Biosystems, Thermo Fischer Scientific) by ABI
7900 Fast Real Time System (Applied Biosystems) using the following protocol: 45 cycles at 95 ◦C
for 15 s, followed by 60 ◦C for 1 min. The normalized relative transcript levels were obtained by the
2−∆∆Ct method [69]. Reactions were made in triplicates and minimum two independent biological
repetitions were performed. GAPDH2 (AT1G13440) was used as an endogenous control. All set of qRT
PCR primers used in this study are listed in Table S1.
4.5. PINs-GFP Protein Abundance Monitoring in Hypocotyl Hooks by LSM Microscopy
Hypocotyl hooks of the 3 days old dark grown wild type Col-0 and Atcrk5-1 seedlings expressing
the DR5::GFP, PIN3:PIN3-GFP, PIN7:PIN7-GFP and AUX1::GFP constructs were imaged under green
safety light using Olympus FV1000 confocal laser scanning microscope (Tokyo, Japan) as described
in [42]. We used always the same microscopic parameters within the corresponding experiments.
Expression pattern in minimum 10 seedlings from each independent GFP/YFP tagged line was
monitored in two different experiments. Generally, the whole seedlings and/or hypocotyl hooks
were optically sliced (10 slices per seedlings) with LSM microscope using 10x magnification. Finally,
Z-stack images were presented in the Figures. Color-coded heat maps were created to visualize the
fluorescence intensity differences in hypocotyl hooks [42]. These images were prepared using the
Adobe Illustrator software.
To quantify the fluorescence signal intensities, Z-stack images were used from each construct.
For this quantitative analysis an equal squared area (regions of interest) were designed on the images.
Fluorescence intensity was measured using Olympus FV1000 software (Tokyo, Japan). The DR5::GFP
signal intensities were measured at the concave side of the hooks of wild-type (Col-0) and mutant
(Atcrk5-1) treated with or without chemicals ACC and GA3, respectively. The PIN3:PIN3-GFP and
AUX1::YFP signal abundance was quantified between the convex and concave sides of the wild type
and mutant hooks. The relative intensities of PIN7:PIN7-GFP signals between the wild type and mutant
seedlings were measured along the hypocotyls. In all experiments, at least 10 seedlings from wild type
and mutant categories were investigated. All quantitative data was statistically analyzed using the
Student’s t-test. Experimental data were obtained from minimum two independent biological repeats.
4.6. In vitro Kinase Assay
4.6.1. PIN hydrophilic Loop Region Cloning
For cloning of the hydrophilic (HL) loop of the PIN3 auxin eﬄux protein into a bacterial protein
expression vector, we amplified the corresponding cDNA sequence from Arabidopsis thaliana cDNA
using the high fidelity Phusion polymerase (Thermo Fischer Scientific, Lithuania) following the
manufacturer’s instructions. After amplification, the BamHI-EcoRI enzyme-digested cDNA fragment
was ligated into the pBluescript II SK plasmid. Sequencing verified that the cloned fragment is error free.
The PIN3HL loop fragment was moved into the pET28A (Novagen part of Merck KGaA, Darmstadt,
Germany) protein expression vector, to get in frame fusion with the N-terminal 6XHis tag.
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4.6.2. Purification of 6XHis Tagged Protein
For protein expression studies, we transformed the pET28c-CRK5 [42] and the pET28a-PIN3HL
constructs into BL21DE3Rosetta competent cells, then streaked them onto LB media supplemented
with 25 mg/l kanamycin, 34 mg/l chloramphenicol and 1% of glucose, and incubated the plates o/n
at 37◦C. For protein expression, purification, and dialysis we follow the procedure as in [42]. Briefly:
inoculation was performed from the plate into 25 mL of LB liquid media supplemented with antibiotics
as before plus 1% glucose. Cultures were diluted with fresh LB media at 1:10 ratio, and then they
were incubated on a shaker at 37◦C for 2 h. When the OD600 reached 0.6-0.8, IPTG was added at
final concentration of 1mM. The growth was continued for 4–5 h at room temperature to complete the
protein induction. The induced bacteria were collected by centrifugation and kept at -20 ◦C until use.
His6-CRK5 and His6-PIN3HL proteins were purified by Ni-NTA agarose affinity chromatography
following the manufacturer’s instructions (Novagen part of Merck KGaA, Darmstadt, Germany).
After elution with 100-200 mM imidazole, we checked the fractions by 10% SDS-polyacrylamide gel
electrophoresis (SDS-PAGE). The fractions containing most of the His6-CRK5 or His6-PIN3HL proteins
were identified, pooled, and dialyzed (10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 10% glycerin and 5 mM
2-mercaptoethanol) at 4 ◦C and stored at −80 ◦C for later use.
4.6.3. In vitro Kinase Assays
The in vitro kinase assays were carried out with 1 µg His6-CRK5 kinase in 20 µL kinase buffer
(20 mM Tris-HCl [pH 8.0], 5mM MgCl2, 1mM DTT and 5µCi [γ-32P]ATP) containing 5µg Myelin Basic
Protein (MPB) (Sigma, Germany) as a control kinase substrate, or His6-PIN3HL as substrate room
temperature for 30–45 min. The reaction stopped by adding 1× Laemmli SDS sample buffer, boiled
and then size separated by 10% SDS-PAGE. After staining with Coomassie dye, the gel was subjected
to autoradiography using X-ray film.
4.7. Bioinformatics Analysis
Primer preparation for genes investigated in this study were constructed using Primer3Plus
software (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi. ABI SDS software
(Applied Biosystems, Foster City, CA, USA) was used to analyze the specificity of the amplifications of
the genes for expression by qRT PCR. Hypocotyl hook bending was measured by ImageJ software
(https://imagej.net/Fiji/Downloads). Average fluorescence intensity was measured using Olympus
FV1000 software (Tokyo, Japan).
4.8. Accession Numbers
Sequence data used in this study can be found in the Arabidopsis Information Resource (TAIR)
and GenBank (NCBI) databases under the following accession numbers: CRK5 (At3g50530), PIN1
(At1g73590), PIN3 (At3g70940), PIN4 (At2g01420), PIN7 (At1g23080), AUX1 (At2g38120), LAX3
(At1g77690), TRP2 (At5g54810),TRP3 (At3g54640), YUCCA3 (At1g04610), AMI (At1g08980), TAA1
(At1g70560), CYP83B1 (At4g31500), NIT3 (At3g44320), GAPDH2 (At1g13440), GH3.2(At4g27260), EIN3
(At3g20770), HLS1 (At4g37580), ACCSynthase5 (At5g65800), ACCSynthase7 (At4g26200), ACCSynthase8
(At4g37770).
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/14/3432/s1.
Author Contributions: Á.C. and G.R. conceived and designed experiments; A.I.B. and Á.C. determined protein
localization; A.I.B., N.A. and Á.C. performed and analyzed time lapse experiments; A.I.B. and T.G. carried
out qRT-PCR expression studies; I.V. performed GA concentration measurments; L.K. and G.R. made in vitro
phosphorylation assays; Z.D. and K.F.M. performed matrix-assisted laser desorption/ionization (MALDI) analysis
of the PIN3loop AtCRK5 phosphorylation sites. L.S. participated in funding acquisition, Á.C., A.F. and G.R. wrote
the manuscript.
Int. J. Mol. Sci. 2019, 20, 3432 18 of 21
Funding: This research was supported by the Tempus Public Foundation, Hungary and the Biological Doctoral
School University of Szeged, Hungary for A.I.B., by OTKA PD project No. 115502 and No. PD128055 for G.R.,
by OTKA grant No. 124828 for I.V., Á.C. and A.F., by OTKA grant No. NN118089 for G.R., Á.C., L.S., by the
Hungarian Ministry for National Economy GINOP-2.3.2-15-2016-00001 for A.I.B., Á.C., G.R., I.V., N.A., A.F., Z.D.,
K.F.M., L.S.
Acknowledgments: We would like to acknowledge Annamaria Király for technical contribution and Laura
Zsigmond for primer designing. We would also like to thank Csaba Koncz for his valuable suggestions during the
overall project.
Conflicts of Interest: No conflict of interest is declared by the authors.
References
1. Vandenbussche, F.; Verbelen, J.P.; Van Der Straeten, D. Of light and length: Regulation of hypocotyl growth
in Arabidopsis. Bioessays 2005, 27, 275–284. [CrossRef] [PubMed]
2. Zhong, S.; Shi, H.; Xue, C.; Wei, N.; Guo, H.; Deng, X.W. Ethylene-orchestrated circuitry coordinates a
seedling’s response to soil cover and etiolated growth. Proc. Natl. Acad. Sci. USA 2014, 111, 3913–3920.
[CrossRef] [PubMed]
3. Yu, Q.; Zhang, Y.; Wang, J.; Yan, X.; Wang, C.; Xu, J.; Pan, J. Clathrin-Mediated Auxin Eﬄux and Maxima
Regulate Hypocotyl Hook Formation and Light-Stimulated Hook Opening in Arabidopsis. Mol. Plant 2016,
9, 101–112. [CrossRef] [PubMed]
4. Salome, P.A. Life’s a gas under pressure: Ethylene and etioplast maintenance in germinating seedlings.
Plant Cell 2017, 29, 2951–2952. [CrossRef] [PubMed]
5. Vandenbussche, F.; Petrásek, J.; Zádníková, P.; Hoyerová, K.; Pesek, B.; Raz, V.; Swarup, R.; Bennett, M.;
Zazímalová, E.; Benková, E.; et al. The auxin influx carriers AUX1 and LAX3 are involved in auxin-ethylene
interactions during apical hook development in Arabidopsis thaliana seedlings. Development 2010, 137, 597–606.
[CrossRef] [PubMed]
6. Zadnikova, P.; Petrasek, J.; Marhavy, P.; Raz, V.; Vandenbussche, F.; Ding, Z.; Schwarzerová, K.; Morita, M.T.;
Tasaka, M.; Hejátko, J.; et al. Role of PIN-mediated auxin eﬄux in apical hook development of Arabidopsis
thaliana. Development 2010, 137, 607–617. [CrossRef] [PubMed]
7. Gallego-Bartolomé, J.; Arana, M.V.; Vandenbussche, F.; Zadnikova, P.; Minguet, E.G.; Guardiola, V.; Van Der
Straeten, D.; Benkova, E.; Alabadi, D.; Blazquez, M.A. Hierarchy of hormone action controlling apical hook
development in Arabidopsis. Plant J. 2011, 67, 622–634. [CrossRef] [PubMed]
8. Raz, V.; Ecker, J.R. Regulation of differential growth in the apical hook of Arabidopsis. Development 1999, 126,
3661–3668. [PubMed]
9. Li, H.; Johnson, P.; Stepanova, A.; Alonso, J.M.; Ecker, J.R. Convergence of signaling of differential cell growth
pathways in the control of differential cell growth in Arabidopsis. Dev. Cell 2004, 7, 193–204. [CrossRef]
10. Abbas, M.; Alabadi, D.; Blazquez, M.A. Differential growth at the apical hook: All roads lead to auxin.
Front. Plant Sci. 2013, 4, 441–450. [CrossRef]
11. Mazzella, M.A.; Casal, J.J.; Muschietti, J.P.; Fox, A.R. Hormonal networks involved in apical hook development
in darkness and their response to light. Front. Plant Sci. 2014, 5, 52–65. [CrossRef] [PubMed]
12. Zadnikova, P.; Smet, D.; Zhu, Q.; Van Der Straeten, V.; Benkova, E. Strategies of seedlings to overcome their
sessile nature: Auxin in mobility control. Front. Plant Sci. 2015, 6, 218. [CrossRef] [PubMed]
13. Zádnikova, P.; Wabnik, K.; Abuzeineh, A.; Gallemi, M.; Van Der Straeten, D.; Smith, R.S.; Inze, D.; Friml, J.;
Prusinkiewicz, P.; Benkova, E. A model of differential growth-guided apical hook formation in plants.
Plant Cell 2016, 28, 2464–2477.
14. Bennett, M.J.; Marchant, A.; Green, H.G.; May, S.T.; Ward, S.P.; Millner, P.A.; Walker, A.R.; Schulz, B.;
Feldmann, K.A. Arabidopsis AUX1 gene: A permease-like regulator of root gravitropism. Science 1996, 273,
948–950. [CrossRef] [PubMed]
15. Petrasek, J.; Mravec, J.; Bouchard, R.; Blakeslee, J.J.; Abas, M.; Seifertova, D.; Wis´niewska, J.; Tadele, Z.;
Kubeš, M.; Cˇovanová, M.; et al. PIN proteins perform a rate-limiting function in cellular auxin eﬄux. Science
2006, 312, 914–918. [CrossRef] [PubMed]
16. Robert, H.S.; Grunewald, W.; Sauer, M.; Cannoot, B.; Soriano, M.; Swarup, R.; Weijers, D.; Bennett, M.;
Boutilier, K.; Friml, J. Plant embryogenesis requires AUX/LAX-mediated auxin influx. Development 2015, 142,
702–711. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2019, 20, 3432 19 of 21
17. Adamowski, M.; Friml, J. PIN-dependent auxin transport: Action, regulation and evolution. Plant Cell 2015,
27, 20–32. [CrossRef] [PubMed]
18. Liu, Y.; Dong, Q.; Kita, D.; Huang, J.B.; Liu, G.; Wu, X.; Zhu, X.; Cheung, A.Y.; Wu, H.M.; Tao, L.Z. RopGEF1
Plays a Critical Role in Polar Auxin Transport in Early Development. Plant Physiol. 2017, 175, 157–171.
[CrossRef] [PubMed]
19. Zhou, J.J.; Luo, J. The PIN-FORMED auxin eﬄux carriers in plants. Int. J. Mol. Sci. 2018, 19, 2759. [CrossRef]
20. Wisniewska, J.; Xu, J.; Seifertova, D.; Brewer, P.B.; Ruzicka, K.; Blilou, I.; Rouquie, D.; Benkova, E.; Scheres, B.;
Friml, J. Polar PIN localization directs auxin flow in plants. Science 2006, 312, 883. [CrossRef]
21. Daviere, J.M.; Achard, P. Gibberellin signaling in plants. Development 2013, 140, 1147–1151. [CrossRef]
[PubMed]
22. Guzmán, P.; Ecker, J.R. Exploiting the triple response of Arabidopsis to identify ethylene-related mutants.
Plant Cell 1990, 2, 513–523.
23. Roman, G.; Lubarsky, B.; Kieber, J.J.; Rothenberg, M.; Ecker, J.R. Genetic Analysis of Ethylene Signal
Transduction in Arabidopsis thaliana: Five Novel Mutant Loci Integrated into a Stress Response Pathway.
Genetics 1995, 139, 1393–1409. [PubMed]
24. Lehman, A.; Black, R.; Ecker, J.R. (1996) HOOKLESS1, an ethylene response gene, is required for differential
cell elongation in the Arabidopsis hypocotyl. Cell 1996, 85, 183–194. [CrossRef]
25. Locascio, A.; Roig-Villanova, I.; Bernardi, J.; Varotto, S. Current perspectives on the hormonal control of seed
development in Arabidopsis and maize: A focus on auxin. Front. Plant Sci. 2014, 5. Article412/1. [CrossRef]
[PubMed]
26. Daviere, J.M.; Achard, P. A pivotal role of DELLAs in regulating multiple hormone signals. Mol. Plant 2016,
9, 10–20. [CrossRef] [PubMed]
27. Willige, B.C.; Ogiso-Tanaka, E.; Zourelidou, M.; Schwechheimer, C. WAG2 represses apical hook opening
downstream from gibberellin and PHYTOCHROME INTERACTING FACTOR 5. Development 2012, 139,
4020–4028. [CrossRef]
28. Frigerio, M.; Alabadí, D.; Pérez-Gómez, J.; García-Cárcel, L.; Phillips, A.L.; Hedden, P.; Blázquez, M.A.
Transcriptional Regulation of Gibberellin Metabolism Genes by Auxin Signaling in Arabidopsis. Plant Physiol.
2006, 142, 553–563. [CrossRef]
29. Rieu, I.; Ruiz-Rivero, O.; Fernandez-Garcia, N.; Griffiths, J.; Powers, S.J.; Gong, F.; Linhartova, T.; Eriksson, S.;
Nilsson, O.; Thomas, S.G.; et al. The gibberellin biosynthetic genes AtGA20ox1 and AtGA20ox2 act, partially
redundantly, to promote growth and development throughout the Arabidopsis life cycle. Plant J. 2008, 53,
488–504. [CrossRef]
30. Chapman, E.J.; Greenham, K.; Castillejo, C.; Sartor, R.; Bialy, A.; Sun, T.; Estelle, M. Hypocotyl Transcriptome
Reveals Auxin Regulation of Growth-Promoting Genes through GA-Dependent and -Independent Pathways.
PLoS ONE 2012, 7, e36210. [CrossRef]
31. Hedden, P.; Thomas, S.G. Annual Plant Reviews, The Gibberellins, 1st ed.; Wiley and Sons, Ltd.: Chichester, UK,
2016; pp. 285–312.
32. Harper, J.F.; Breton, G.; Harmon, A. Decoding Ca2+ signals through plant protein kinases. Annu. Rev.
Plant Biol. 2004, 55, 263–288. [CrossRef] [PubMed]
33. Reddy, A.S.N.; Ali, G.S.; Celesnik, H.; Day, I.S. Coping with stresses: Roles of calcium- and
calcium/calmodulin-regulated gene expression. Plant Cell 2011, 23, 2010–2032. [CrossRef] [PubMed]
34. Boudsocq, M.; Sheen, J. CDPKs in immune and stress signaling. Trends Plant Sci. 2013, 18, 30–40. [CrossRef]
[PubMed]
35. Wang, J.P.; Xu, Y.P.; Munyampundu, J.P.; Liu, T.Y.; Cai, X.Z. Calcium dependent protein kinase (CDPK) and
CDPK related kinase (CRK) gene families in tomato: Genome wide identification and functional analyses
indisease resistance. Mol. Genet. Genom. 2016, 291, 661–676. [CrossRef] [PubMed]
36. Simeunovic, A.; Mair, A.; Wurzinger, B.; Teige, M. Know where your clients are: Subcellular localization and
targets of calcium-dependent protein kinases. J. Exp. Bot. 2016, 67, 3855–3872. [CrossRef] [PubMed]
37. Baba, A.I.; Rigó, G.; Ayaydin, F.; Rehman, A.U.; Andrási, N.; Zsigmond, L.; Valkai, I.; Urbancsok, J.; Vass, I.;
Pasternak, T.; et al. Functional Analysis of the Arabidopsis thaliana CDPK-Related Kinase Family: AtCRK1
Regulates Responses to Continuous Light. Int. J. Mol. Sci. 2018, 19, 1282. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2019, 20, 3432 20 of 21
38. Baba, A.I.; Rigó, G.; Andrási, N.; Tietz, O.; Palme, K.; Szabados, L.; Cséplo˝,Á. Striving Towards Abiotic Stresses:
Role of the Plant CDPK Superfamily Members. In International Climate Protection; Palocz-Andresen, M.,
Szalay, D., Gosztom, A., Sípos, L., Taligás, T., Eds.; Springer Nature: Cham, Switzerland, 2019; pp. 99–105.
39. Renna, L.; Stefano, G.; Majeran, W.; Micalella, C.; Meinnel, T.; Giglione, C.; Brandizzi, F. Golgi traffic integrity
depends on N-Myristoyl transferase-1 in Arabidopsis. Plant Cell 2013, 25, 1756–1773. [CrossRef]
40. Xu, W.; Huang, W. Calcium-Dependent Protein Kinases in Phytohormon Signaling Pathways. Int. J. Mol. Sci.
2017, 18, 2436. [CrossRef]
41. Singh, A.; Sagar, S.; Biswas, D.K. Calcium Dependent Protein Kinase, a Versatile Player in Plant Stress
Management and Development. Crit. Rev. Plant Sci. 2017, 36, 336–352. [CrossRef]
42. Rigó, G.; Ayaydin, F.; Tietz, O.; Zsigmond, L.; Kovács, H.; Páy, A.; Salchert, K.; Darula, Z.; Medzihradszky, K.F.;
Szabados, L.; et al. Inactivation of plasma membrane-localized CDPK-RELATED KINASE5 decelerates PIN2
exocytosis and root gravitropic response in Arabidopsis. Plant Cell 2013, 25, 1592–1608. [CrossRef]
43. Nemoto, K.; Takemori, N.; Seki, M.; Shinozaki, K.; Sawasaki, T. Members of the Plant CRK Superfamily Are
Capable of Trans- and Autophosphorylation of Tyrosine Residues. J. Biol. Chem. 2015, 290, 16665–16677.
[CrossRef] [PubMed]
44. Takanoa, J.; Tanaka, M.; Toyoda, A.; Miwa, K.; Kasai, K.; Fuji, K.; Onouchi, H.; Naito, S.; Fujiwara, T.
Polar localization and degradation of Arabidopsis boron transporters through distinct trafficking pathways.
Proc. Natl. Acad. Sci. USA 2010, 107, 5220–5225. [CrossRef] [PubMed]
45. Yang, F.Y.; Hoffman, N.E. Ethylene biosynthesis and its regulation in higher plants. Ann. Rev. Plant Physiol.
1984, 35, 155–189. [CrossRef]
46. Ottenschläger, I.; Wolff, P.; Wolverton, C.; Bhalerao, R.P.; Sandberg, G.; Ishikawa, H.; Evans, M.; Palme, K.
Gravity-regulated differential auxin transport from columella to lateral root cap cells. Proc. Natl. Acad.
Sci. USA 2003, 100, 2987–2991. [CrossRef] [PubMed]
47. Baster, P.; Robert, S.; Kleine-Vehn, J.; Vanneste, S.; Kania, U.; Grunewald, W.; De Rybel, B.; Beeckman, T.;
Friml, J. SCFTIR1/AFB-auxin signalling regulates PIN vacuolar trafficking and auxin fluxes during root
gravitropism. EMBO J. 2013, 32, 260–274. [CrossRef] [PubMed]
48. Blilou, I.; Xu, J.; Wildwater, M.; Willemsen, V.; Paponov, I.; Friml, J.; Heidstra, R.; Aida, M.; Palme, K.;
Scheres, B. The PIN auxin eﬄux facilitator network controls growth and patterning in Arabidopsis roots.
Nature 2005, 433, 39–44. [CrossRef] [PubMed]
49. Swarup, R.; Friml, J.; Marchant, A.; Ljung, K.; Sandberg, G.; Klaus Palme, K.; Malcolm Bennett, M. Localization
of the auxin permease AUX 1suggests two functionally distinct hormone transport pathways operate in the
Arabidopsis root apex. Genes Dev. 2001, 15, 2648–2653. [CrossRef]
50. Béziat, C.; Kleine-Vehn, J. The Road to Auxin-Dependent Growth Repression and Promotion in Apical Hooks.
Curr. Biol. 2018, 28, R519–R525. [CrossRef]
51. Krecek, P.; Skupa, P.; Libus, J.; Naramoto, S.; Tejos, R.; Friml, J. The PIN-FORMED (PIN) protein family of
auxin transporters. Genome Biol. 2009, 10, 249–260. [CrossRef]
52. Abas, L.; Benjamins, R.; Malenica, N.; Paciorek, T.; Wis´niewska, J.; Moulinier–Anzola, J.C.; Sieberer, T.;
Friml, J.; Luschnig, C. Intracellular trafficking and proteolysis of the Arabidopsis auxin eﬄux facilitator PIN2
are involved in root gravitropism. Nat. Cell Biol. 2006, 8, 249–256. [CrossRef]
53. Kleine-Vehn, J.; Leitner, J.; Zwiewka, M.; Sauer, M.; Abas, L.; Luschnig, C.; Friml, J. Differential degradation
of PIN2 auxin eﬄux carrier by retromer-dependent vacuolar targeting. Proc. Natl. Acad. Sci. USA 2008,
105/46, 17812–17817. [CrossRef] [PubMed]
54. Leitner, J.; Petrásek, J.; Tomanov, K.; Retzer, K.; Parezová, M.; Korbei, B.; Bachmair, A.; Zažímalová, E.;
Luschnig, C. Lysine63-linked ubiquitylation of PIN2 auxin carrier protein governs hormonally controlled
adaptation of Arabidopsis root growth. Prot Natl. Acad. Sci. USA 2012, 109/21, 8322–8327. [CrossRef]
[PubMed]
55. Wu, G.; Cameron, J.N.; Ljung, K.; Spalding, E.P. A role for ABCB19-mediated polar auxin transport in
seedling photomorphogenesis mediated by cryptochrome 1 and phytochrome B. Plant J. 2010, 62, 179–191.
[CrossRef] [PubMed]
56. Koczka, L. Determination of the Arabidopsis thaliana CRK5 protein kinase phosphorylation sites on the PIN1,
PIN2 and PIN3 hydrophilic loop region. Master’s Thesis, University of Szeged, Szeged, Hungary, 2016.
57. Friml, J.; Vieten, A.; Sauer, M.; Weijers, D.; Schwarz, H.; Hamann, T.; Offringa, R.; Jürgens, G. Eﬄux-dependent
auxin gradients establish the apical–basal axis of Arabidopsis. Nature 2003, 426, 147–153. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2019, 20, 3432 21 of 21
58. Dhonukshe, P.; Huang, F.; Galvan-Ampudia, C.S.; Mähönen, A.P.; Kleine-Vehn, J.; Xu, J.; Quint, A.; Prasad, K.;
Friml, J.; Scheres, B.; et al. Plasma membrane-bound AGC3 kinases phosphorylate PIN auxin carriers at
TPRXS(N/S) motifs to direct apical PIN recycling. Development 2010, 137, 3245–3255. [CrossRef]
59. Zhang, J.; Nodzynski, T.; Pencík, A.; Rolcík, J.; Friml, J. PIN phosphorylation is sufficient to mediate PIN
polarity and direct auxin transport. Proc. Natl. Acad. Sci. USA 2010, 107, 918–922. [CrossRef]
60. Ganguly, A.; Lee, S.H.; Cho, H.T. Functional identification of the phosphorylation sites of Arabidopsis
PIN-FORMED3 for its subcellular localization and biological role. Plant J. 2012, 71, 810–823. [CrossRef]
61. Barbosa, I.C.R.; Hammes, U.Z.; Schwechheimer, C. Activation and polarity control of PIN-FORMED auxin
transporters by phosphorylation. Trends Plant Sci. 2018, 23/6, 523–538. [CrossRef]
62. Schwechheimer, C. Gibberellin signaling in plants—The extended version. Front. Plant Sci. 2012, 2, 107.
[CrossRef]
63. Salanenka, Y.; Verstraeten, I.; Löfke, C.; Tabata, K.; Naramoto, S.; Glanc, M.; Friml, J. Gibberellin DELLA
signaling targets the retromer complex to redirect protein trafficking to the plasma membrane. Proc. Natl.
Acad. Sci. USA 2018, 115/14, 3716–3721. [CrossRef]
64. Sun, T.-P.; Kamiya, Y. The Arabidopsis GAl Locus Encodes the Cyclase ent-Kaurene Synthetase A of
Gibberellin Biosynthesis. Plant Cell 1994, 6, 1509–1518. [PubMed]
65. Willige, C.V.; Ghosh, S.; Nill, C.; Zourelidou, M.; Dohmann, E.M.N.; Maier, A.; Schwechheimer, C. The DELLA
Domain of GA INSENSITIVE Mediates the Interaction with the GA INSENSITIVE DWARF1A Gibberellin
Receptor of Arabidopsis. Plant Cell 2007, 19, 1209–1220. [CrossRef] [PubMed]
66. Willige, B.C.; Isono, E.; Richter, R.; Zourelidou, M.; Schwechheimer, C. Gibberellin Regulates PIN-FORMED
Abundance and Is Required for Auxin Transport–Dependent Growth and Development in Arabidopsis
thaliana. Plant Cell 2011, 23, 2184–2195. [CrossRef] [PubMed]
67. Bechtold, N.; Ellis, J.; Pelletier, G. In planta Agrobacterium mediated gene transfer by infiltration of adult
Arabidopsis thaliana plants. C.R.Acad.Sci. Paris Life Sci. 1993, 316, 1194–1199.
68. Chomczynski, P.; Sacchi, N. Single-step method of RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Anal Biochem. 1987, 162, 156–159. [CrossRef]
69. Czechowski, T.; Stitt, M.; Altmann, T.; Udvardi, M.K.; Scheible, W.R. Genome-Wide Identification and Testing
of Superior Reference Genes for Transcript Normalization in Arabidopsis. Plant Physiol. 2005, 139, 5–17.
[CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
